The airway is a primary portal of entry for noxious environmental stimuli that can trigger airway remodeling, which contributes significantly to airway obstruction in chronic obstructive pulmonary disease (COPD) and chronic asthma. Important pathologic components of airway remodeling include fibrosis and abnormal innate and adaptive immune responses. The positioning of fibroblasts in interstitial spaces suggests that they could participate in both fibrosis and chemokine regulation of the trafficking of immune cells such as dendritic cells, which are crucial antigen-presenting cells. However, physiological evidence for this dual role for fibroblasts is lacking. Here, in two physiologically relevant models -conditional deletion in mouse fibroblasts of the TGF-β-activating integrin αvβ8 and neutralization of αvβ8 in human COPD fibroblasts -we have elucidated a mechanism whereby lung fibroblast chemokine secretion directs dendritic cell trafficking, in a manner that is critically dependent on αvβ8-mediated activation of TGF-β by fibroblasts. Our data therefore indicate that fibroblasts have a crucial role in regulating both fibrotic and immune responses in the lung.
Introduction
Chronic obstructive pulmonary disease (COPD) and chronic asthma are major causes of morbidity and mortality worldwide and are increasing in prevalence (1) (2) (3) . Airway remodeling is an essential pathophysiologic component of airway obstruction in both diseases and is thought to be caused mainly by chronic smoking or allergen exposure (1, 4) . Airway remodeling is defined by the collective changes in epithelial, mesenchymal, and immune cell compartments leading to fibrotic airway wall thickening and a persistent abnormal innate and adaptive immune response, suggesting common mechanistic underpinnings (1, 4, 5) .
Both innate and adaptive immune responses are implicated in the pathogenesis of COPD and asthma. Lung innate immune responses are initiated and enhanced through increased function of proinflammatory cytokines, such as IL-1β (6) (7) (8) (9) (10) (11) (12) (13) . Airway delivery of an adenoviral vector expressing IL-1β (Ad-IL-1β) and transgenic overexpression of IL-1β are associated with airway inflammation and remodeling in mice (14, 15) . In addition, IL-1β is a critical mobilization signal in promoting the migration of DCs to the draining lymph nodes, where they function as APCs and initiate T cell priming (16) . In COPD, this T cell priming leads to a Th1-type response characterized by production of IFN-γ and IL-17.
Conversely, in asthma, a Th2-type response is primed, characterized by production of IL-4, IL-5, IL-9, and IL-13 (5, (16) (17) (18) (19) (20) .
Specific chemokine ligands (CCL) expressed by structural cells and their receptors (CCR) expressed by DCs play a major role in DC migration (16, 21) . Specifically, lung DCs migrate utilizing chemokine/receptor pairs CCL2/CCR2, CCL7/CCR2, CCL5/CCR5, and CCL20/CCR6 (22) (23) (24) . CCL2 and CCL20 expression is increased in human COPD and asthma lung samples (20, (25) (26) (27) (28) . Furthermore, Ccr6 -/-mice are protected from cigarette smoke-induced airway wall remodeling, and both Ccr2 -/-and Ccr6 -/-mice are protected from allergic pulmonary inflammation (29) (30) (31) . The mechanisms guiding DC migration in the lung have not been fully elucidated, but are likely to involve the structural cells (i.e., airway epithelial cells and fibroblasts) of the compartments that DCs move through while traveling from the circulation to the airway to the mediastinal lymph node (MLN) (21) . The mechanistic role played by fibroblasts in directing DC migration remains speculative (32) (33) (34) .
TGF-β is a central cytokine mediating epithelial, mesenchymal, and immune cell homeostasis and has been implicated in the pathogenesis of COPD and asthma (35) (36) (37) (38) (39) . Increased TGF-β signaling by fibroblasts has been widely implicated in airway and pulmonary fibrosis through regulation of the profibrogenic crucial components of fibrosis (15, (40) (41) (42) . Aside from this role in fibrosis, TGF-β is a well-known player in immunity through the induction of immunosuppressive Tregs or the proinflammatory Th-17 cells, which secrete IL-17 (43) . In experimental allergic asthma, these dualistic roles of TGF-β are further exemplified, as TGF-β signaling by airway epithelial cells can promote inflammation, while TGF-β signaling by T cells inhibits inflammation (44, 45) .
TGF-β is ubiquitously expressed by all cell types in 3 isoforms in mammals, but is kept latent and bound mostly to extracellular matrix components by non-covalent association with its propeptide, the latency associated peptide (LAP) (46, 47) . Thus, the activation of TGF-β is a crucial point of regulation in TGF-β function. The extracellular matrix receptor integrin αvβ8 (expressed in the lung by epithelial cells and fibroblasts) is a high-affinity receptor for the integrin-binding domain of the LAPs of TGF-β1 and -β3 and is a critical mediator of TGF-β1 and -β3 activation in vivo (47) (48) (49) (50) . Ligand-binding studies demonstrate that the LAPs of TGF-β1 and -β3 are probably the only physiologically relevant ligands for integrin αvβ8 (48) . Consistent with this, mice lacking αvβ8 have a phenotype nearly identical to that of mice with a null mutation in TGF-β3 and mutation in the integrin-binding domain of TGF-β1 (50) .
We have previously shown that integrin αvβ8 expression is increased in the airway fibroblasts of COPD patients, which correlates with the extent of airway wall fibrosis, and that integrin αvβ8-mediated activation of TGF-β by COPD fibroblasts mediates increased profibrogenic differentiation (40) . Furthermore, we have demonstrated that airway epithelial squamous metaplasia, which is common in COPD airways, produces high levels of IL-1β, which drives airway remodeling by increasing profibrogenic differentiation of adjacent fibroblasts through increasing fibroblast expression of integrin αvβ8 and subsequent TGF-β activation (40) .
Here we use in vivo mouse models that mimic airway remodeling of either COPD or asthma, coupled with conditional deletion in adult fibroblasts, to show that integrin αvβ8-mediated TGF-β activation plays a central and critical role in driving both airway fibrosis and inflammation. Furthermore, we define two αvβ8-and TGF-β-dependent chemokines secreted by lung fibroblasts, CCL2 and CCL20, and demonstrate that they are crucial mediators of DC trafficking. Finally, we extend this finding to COPD in humans by showing that human COPD lung fibroblasts have exaggerated αvβ8- and TGF-β-dependent chemokine responses to IL-1β and support increased human DC migration compared with normal lung fibroblasts.
Results
Intratracheal adenoviral IL-1β induces an airway remodeling phenotype associated with an increase in the integrin β8 subunit as well as TGF-β-responsive genes. We have previously reported evidence using human COPD tissues that IL-1β increases lung fibroblast expression and function of the integrin αvβ8, the main activator of TGF-β in lung fibroblasts (40) . We used intratracheal (IT) delivery of adenoviral IL-1β (Ad-IL-1β) both to establish the validity of the method as a model of airway remodeling in COPD in humans and to determine the role of the integrin β8 (Itgb8) subunit as a downstream mediator of IL-1β signaling in vivo. IT-Ad-IL-1β caused a marked increase in airway wall inflammation and fibrosis in mice after 7 days (Figure 1 , A-D). This response correlated with peak expression of bioactive human IL-1β ( Figure 1E ) and a significant increase in mRNA for Itgb8 and the TGF-β-responsive gene plasminogen activator inhibitor (Serpine1) and collagen 1α2 (Col1a2) (Figure 1, F-H) . Expression of the other major integrin subunit involved in TGF-β activation, Itgb6, was unchanged (data not shown). We were not able to assess levels of αvβ8 protein, since a suitable antibody to detect mouse αvβ8 does not currently exist (51, 52 ). These results demonstrate that IL-1β upregulates Itgb8 and suggest that this upregulation causes increased activation of TGF-β, which in turn induces expression of TGF-β-responsive extracellular matrix genes.
Inactivation of Itgb8 in the airway is associated with a reduction in IL-1β-induced airway inflammation and fibrosis, which is due to decreased TGF-β activation. We tested whether Ad-IL-1β induction of Itgb8 in the airway, in vivo, mediated increased TGF-β activation, airway inflammation, and fibrosis. We used the IT-Ad Cre deletion strategy to locally inactivate Itgb8 in postnatal Itgb8 fl/-mice, since global (54, 88) . Shown is the increase in numbers of each subset relative to control Ad-LacZ plus corn oil or Ad-LacZ plus tamoxifen. *P < 0.05, **P < 0.01, ***P < 0.001.
germline inactivation of Itgb8 results in embryonic or perinatal lethality, and an anti-mouse αvβ8 neutralizing antibody does not exist. IT-Ad-IL-1β caused an approximately 50% increase in Itgb8 mRNA levels, and this increase was completely inhibited by Ad-Cre (Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/JCI45589DS1). IT-Ad-IL-1β caused a 40-fold increase in active TGF-β levels in BAL fluid, and IT-Ad-Cre inhibited this increase by 61% ( Figure 1I ), while not affecting total (active plus latent) TGF-β levels ( Figure 1I ). The airway cell types demonstrating recombination from IT-Ad-Cre were airway epithelial cells, macrophages, and mesenchymal cells surrounding airways (Supplemental Figure 2) . Coinjection of IT-Ad-Cre with Ad-IL-1β resulted in a significant decrease in airway wall inflammation at 7, 14, and 21 days, and in fibrosis at 14, 21, and 42 days after injection (Supplemental Figure 3 and Supplemental Table 1 ). This result was specific to conditional deletion of Itgb8, and not an artifact of Ad-Cre, since no differences in airway inflammation or fibrosis were seen in groups of wild-type mice treated with IT-Ad-IL-1β with or without Ad-Cre (Supplemental Table 1 ).
To test the contribution αvβ6, the other major integrin activator of TGF-β, or TGF-β itself in mediating airway inflammation and fibrosis, were treated wild-type mice with IT-Ad-IL-1β in the presence of anti-β6 or a pan-TGF-β isoform neutralizing antibody or control antibody. Treatment with anti-TGF-β markedly reduced airway inflammation and airway wall fibrosis after IT-Ad-IL-1β administration compared with control, while anti-β6 had no effect ( Figure 1J and Supplemental Table 1 ). Taken together, these results demonstrate that TGF-β is required for the proinflammatory and profibrotic effects of IT-Ad-IL-1β and suggest that this effect is mainly due to the integrin αvβ8 and not αvβ6.
Conditional deletion of lung fibroblast αvβ8 inhibits Ad-IL-1β airway inflammation and fibrosis. Our previous work using human COPD biospecimens led us to hypothesize that airway fibroblasts mediated the αvβ8-dependent proinflammatory and profibrotic effects of IL-1β. To determine the role of fibroblast expression of Itgb8 in airway remodeling, we used Col1a2-Cre-ER(T) mice to generate animals with tamoxifen-dependent deletion of Itgb8 in adult lung fibroblasts (Itgb8 fko ) (Supplemental Figure 2) . Fibroblastspecific deletion inhibited IT-Ad-IL-1β-dependent airway inflammation ( Figure 1 , K and M) and fibrosis ( Figure 1, L and N) . These effects were specific to deletion of Itgb8 in fibroblasts and not due to effects of tamoxifen or Cre expression, since no effects were seen in wild-type mice (Supplemental Table 1 ). In addition, we used a mouse line that expresses Cre-ER(T) under control of the mouse keratin-14 promoter K14-Cre-ER(T), which drives expression in the airway basal epithelial cells, the airway epithelial cell type where ITGB8 is expressed in humans (40) . Deletion of Itgb8 in airway epithelial basal cells had no significant effect on IT-Ad-IL-1β-induced airway inflammation . (E and F) CFSE-labeled BMDCs (2 × 10 6 / mouse) were injected into the lateral tail vein 12 days after IT-Ad-IL-1β or Ad-C treatment and 36 hours prior to lung (E) and MLN (F) harvest of mice without or with fibroblast deletion of Itgb8 (n = 9). Numbers of MHC-II hi CD11c + CFSE-labeled cells are shown. *P < 0.05, **P < 0.01.
or fibrosis (Supplemental Table 1 and ref. 53) . No systemic effects of deletion of Itgb8 in adult mice were seen using Col-Cre-ER(T) and K14-Cre-ER(T) in necropsies performed at 6 months and more than 1 year, respectively. Tamoxifen-mediated deletion of Itgb8 reduced Itgb8 mRNA and TGF-β activation in cultured lung fibroblasts (Supplemental Figure 4) . No differences were seen in Itgb8 levels in purified CD11c + lung DCs (relative copy number, no tamoxifen: 6.2 ± 0.5; tamoxifen: 7.5 ± 0.4), reflecting the specificity of the Col1a2 promoter for fibroblasts. These results demonstrate that fibroblast Itgb8 expression regulates IL-1β-induced airway inflammation and fibrosis.
Conditional deletion of αvβ8 in lung fibroblasts leads to a reduction in both innate and adaptive immune responses in Ad-IL-1β-treated mice.
To understand the mechanistic role played by Itgb8 in regulating IL-1β-mediated airway inflammation, we next sought to determine which immune cell subsets in different anatomic lung compartments were affected by the loss of Itgb8 on fibroblasts. Examination of cells from BAL from IT-Ad-IL-1β-treated mice (7 days) revealed a significant decrease in total cell counts, and neutrophil and lymphocyte numbers from mice with conditional fibroblast deletion of Itgb8 (Itgb8 fko ), suggesting a role for Itgb8 in innate and adaptive immune responses ( Figure 2 , A and B). In whole lung digests, Ad-IL-1β induced a significant increase in numbers of CD4 + and CD8 + T cells, B cells, neutrophils, and macrophages ( Figure 2C ). However, with the exception of CD4 + T cells, the same increases were seen in Itgb8 fko mice ( Figure 2C ). Specifically, IT-Ad-IL-1β induced significant increases in the numbers of several subsets of CD4 + T cells (IL-17 + IFN-γ -, IL-17 + IFN-γ + , IL-17 -IFN-γ + [Th1]), which were much greater than increases seen in Itgb8 fko mice ( Figure 2D ). The decrease in IL-17-producing cells in Itgb8 fko mice was reproduced by ELISpot assay ( Figure 2E ). Intracellular FoxP3 staining showed no differences in Treg percentages or numbers (data not shown). These results suggest a block in T cell priming in Itgb8 fko mice that dampens subsequent Th1 and Th17 cell number and IL-17- and IFN-γ-dependent proinflammatory responses.
Immature DCs migrate from the circulation to the airway, where they capture antigen, and then migrate to the MLN, where they prime specific T cell responses (54) . Therefore, we sought to determine whether lung DCs were affected by fibroblast Itgb8 expression. Myeloid DCs (mDCs) that express CD11c represent the major airway DC subset promoting inflammation, while the plasmacytoid DCs are a minor population that is thought to attenuate inflammation (16) . Two subsets of mDCs are located within the interstitium of the airway wall or within the airway epithelium, with the former expressing CD11b but not CD103 (103 -DCs) and the latter not expressing CD11b but expressing CD103 (103 + DCs) (16) . The 103 -DC subset is the predominant subset relative to 103 + DCs (16) . Both mDC subsets were increased by Ad-IL-1β and were significantly reduced in Itgb8 fko mice ( Figure 2F ; gating shown in Supplemental Figure 5 ). Treatment with anti-TGF-β produced a result similar to that in Itgb8 fko mice in reducing IT-Ad-IL-1β-mediated increases in numbers of 103 + DCs ( Figure 2G ). Very few plasmacytoid DCs were identified, and their numbers were not increased by IT-Ad-IL-1β treatment (data not shown). These results suggest that DC numbers are positively regulated by fibroblast αvβ8-mediated TGF-β activation, which leads to increased T cell-mediated immune responses.
Fibroblast-specific deletion of Itgb8 alters IT-Ad-IL-1β-stimulated DC migration to the MLN. We next determined whether DC numbers in the MLN were affected by the loss of Itgb8 on fibroblasts. The MLN contains the mDCs (103 + and 103 -DCs), which originate in the airway, but also contains resident conventional DC subtypes CD8α + , CD4 + , and CD8α -CD4 -and inflammatory DCs. Conventional DCs can potentially acquire antigen from afferent lymphatics or from transferred antigen from itinerant mDCs from
Figure 4
Cytokine profiling and collagen expression analysis reveal that IT-Ad-IL-1β induces an αvβ8-dependent profibrogenic and proinflammatory phenotype. (A) qPCR of mouse lung homogenates 14 days after IT-Ad-IL-1β treatment without or with fibroblast deletion of Itgb8 (n = 6). Shown are copy number increases relative to control mice. (B) IL-1β treatment of mouse lung fibroblasts induces a sustained induction of collagen expression that is dependent on Itgb8 and TGF-β. Mouse lung fibroblasts were cultured from lungs of Itgb8 fl/fl mice and treated with Ad-Cre or Ad-LacZ (Ad-C) (2.5 × 10 6 PFU) overnight prior to treatment with recombinant IL-1β (1 ng/ml) with isotype control mAb or anti-TGF-β (40 μg/ml). Cells were lysed 72 hours or 1 week later, and Sircol assay was performed to determine collagen concentration. CCL2 (C and E) and CCL20 (D and F) as measured by ELISA from Itgb8 fl/fl mouse lung fibroblasts treated with Ad-Cre or anti-TGF-β (C and D) or from whole lung homogenates or BAL from Col-CreER(T);Itgb8 fl/-mice 14 days after IT-Ad-IL-1β without or with tamoxifen (E and F). *P < 0.05, **P < 0.01, ***P < 0.001. the lung, which could also lead to T cell priming (54) . Therefore, we characterized the mDCs, conventional DCs, and inflammatory DCs in the MLN after IT-Ad-IL-1β treatment. In the MLN, the numbers of both 103 + and 103 -DCs dramatically increased 14 days following IT-Ad-IL-1β treatment, with smaller increases in CD4 + and CD8α + DC subsets ( Figure 3A ). These increases in CD4 + , 103 + and 103 -DCs were significantly inhibited in Itgb8 fko mice (Figure 3 , A-D) or pretreatment with anti-TGF-β ( Figure 3B ). Lung DCs are thought to undergo maturation, which facilitates migration to the MLN, a process which in other models is associated with acquisition of increased MHC-II, CCR7, and costimulatory (i.e., CD80 and CD86) molecule expression (16, 55) . In the IT-Ad-IL-1β model, we could not detect significantly altered expression of CD80 or CD86 in lung mDCs (data not shown), and no changes in MHC-II expression by lung or MLN 103 + or 103 -DCs were detected in Itgb8 fko mice (Supplemental Figure 6 ). To determine whether the decreases in DC number in the lung and MLN were due to decreased DC migration to the lung or from the lung to the MLN, mice with or without fibroblast deletion of Itgb8 were injected i.v. with CFSE-labeled bone marrow-derived DCs (BMDCs), and the labeled cells were identified in the lung and MLN. There was an increase in labeled cells in both the lung and MLN after IT-Ad-IL-1β treatment, but only in the MLN was this increase significantly inhibited in Itgb8 fko mice (Figure 3, E and F) . Taken together, these results demonstrate that fibroblast αvβ8-mediated TGF-β activation is not required for DC maturation, but is required for DC migration to the MLN.
IL-1β stimulates an Itgb8-dependent profibrogenic phenotype associated with increased CCL2 and CCL20 expression in the mouse lung. To determine the mechanism of αvβ8-dependent DC migration to the MLN, we sought to determine αvβ8-dependent cytokine and chemokine production in vivo and in vitro. Lung expression of inflammatory mediators following IT-Ad-IL-1β treatment was assessed using real-time quantitative PCR (qPCR). IT-Ad-IL-1β significantly increased Il17a, Il17f, Ccl2, Ccl20, and Infg, and Il17a, Ccl2, Ccl20, and Infg were significantly decreased in Itgb8 fko mice ( Figure 4A ). In addition, a cytokine antibody array was used to evaluate the changes in cytokine expression in lung homogenates from pooled groups of mice with deletion of Itgb8 from all airway cells by AdCre deletion. Airway deletion of Itgb8 caused decreases in numerous lymphokines (IL-4, IL-13, IL-17, IFN-γ), proinflammatory cytokines (IL-1α, KC, TNF-α), growth factors (GM-CSF, CSF-1), and chemokines (CCL1, CCL2, CCL3, CCL5, CCL9, CCL25, CXCL5, CXCL13, and XCL1 [CCL20 was not printed on the array]) (Supplemental Figure 7) . Cytokine arrays were performed in parallel from pooled supernatants of IL-1β-treated wild-type or Itgb8-deficient cultured fibroblasts (Supplemental Figure 7 ). CCL2 and CCL9 were both highly expressed in lung homogenates, but CCL2 was the only factor that was decreased in both by absence of Itgb8 (Supplemental Figure 7) .
We next sought to confirm the role of fibroblasts in altered chemokine secretion. We hypothesized that a switch of fibroblasts to a profibrogenic phenotype would be associated with increased chemokine secretion. IL-1β treatment of primary cultures of mouse lung fibroblasts caused a sustained Itgb8-dependent change to a profibrogenic fibroblast phenotype, since IL-1β significantly induced collagen protein expression at 72 hours, and this increase persisted for at least 1 week and was significantly decreased by Ad-Cre-mediated deletion of Itgb8 or treatment with a pan-TGF-β neutralizing antibody ( Figure 4B ). CCL2 was highly expressed (8.8 ± 0.7 ng/ml/10 6 cells) by mouse fibroblasts, but was not significantly increased by IL-1β (9.6 ± 0.6 ng/ml/10 6 cells). However, CCL2 was significantly reduced by 20% following deletion of Itgb8 and 40% with treatment using anti-TGF-β ( Figure 4C ). In contrast, CCL20 was not as highly expressed as CCL2 by untreated fibroblasts (3.6 ± 0.7 ng/ml/10 6 cells), but was increased 10-fold by IL-1β (36.7 ± 11.2 ng/ml/10 6 cells). The majority (60%) of this IL-1β-induced expression of CCL20 was prevented by deletion of Itgb8, and 70% by treatment with anti-TGF-β ( Figure 4D ). ELISA of lung homogenates or BAL of IT-Ad-IL-1β-treated mice confirmed the high expression of CCL2 (458 ± 25 pg/ml lung; 5.7 ± 4.1 pg/ml BAL fluid) and CCL20 (2,398 ± 112 pg/ml lung; 82 ± 41pg/ml BAL fluid). This represented a significant IL-1β-mediated increase in CCL2 (P = 0.0031) and CCL20 (P < 0.001) in lung homogenates compared with control. The increase in CCL20 was significantly inhibited in lung homogenates of Itgb8 fko mice ( Figure 4F ). These data demonstrate that IL-1β induces an αvβ8-mediated TGF-β-dependent profibrogenic phenotype and that this phenotype coincides with increased αvβ8-mediated TGF-β-dependent CCL20 expression in the lung.
Purified CD11c + lung DCs showed a significant increase in Ccr7 after IT-Ad-IL-1β, and there was no significant effect on Ccr2, Ccr6, or Ccr7 expression by deletion of Itgb8 on fibroblasts (Supplemental Figure 6 ). These results suggest that Itgb8 expression on fibroblasts regulates DC migration through αvβ8-mediated TGF-β activation, which results in enhanced paracrine secretion of CCL20 and not through alteration of DC maturation.
Airway remodeling caused by ovalbumin challenge is also dependent on fibroblast Itgb8 expression. Airway epithelial cells are exposed to the environment and respond to "danger" signals by engaging specific pattern recognition receptors such as NOD-like receptors or Tolllike receptors. These receptors assemble intricate signaling complexes called inflammasomes that mediate caspase-1 cleavage, which enhances the processing and secretion of bioactive IL-1β (56) . Ovalbumin-challenged mice displayed significantly increased activation of caspase-1 in BAL cells (the majority of which are macrophages), which correlated with a significant increase in lung IL-1β secretion and Itgb8 mRNA (Supplemental Figure 8) . These data support other reports that IL-1β is important for the ovalbumin-induced asthma phenotype (13) .
In light of these data, we tested the hypothesis that Itgb8 fko mice were protected from ovalbumin-induced airway remodeling using a mouse model of chronic allergic asthma (57) . Chronic ovalbumin-mediated allergic airway remodeling (inflammation, fibrosis, and mucin production) was significantly reduced by deletion of Itgb8 in fibroblasts ( Figure 5, A-I ), which correlated with decreased total cell count in BAL ( Figure 6A ) and a significant decrease in eosinophils ( Figure 6B ). To understand the role of Itgb8 in allergen-induced immunity, we evaluated DC numbers in ovalbuminchallenged Itgb8 fko mice. Compared with controls, ovalbumindependent increases in DC numbers in the lung and MLN were reduced significantly in Itgb8 fko mice ( Figure 6, C and D) . Intranasal ovalbumin conjugated to FITC was used as a tracer to measure DC antigen uptake and DC migration to the MLN. The number of labeled cells in the lung dramatically increased in ovalbuminchallenged relative to control mice, but this increase was not significantly decreased in Itgb8 fko mice ( Figure 6E ). In contrast, in the MLN, the ovalbumin-challenged mice had an increase in labeled DCs, which was not seen in Itgb8 fko mice ( Figure 6F) .
To determine the role of fibroblast Itgb8 in cytokine and chemokine expression in the ovalbumin model, we measured mRNAs for Il4, Il5, Il6, Il13, Il17a, Il17f, Ccl2, Ccl20, and Ifng using qPCR (n = 6) and found that they were all increased following chronic ovalbumin challenge, whereas mRNA for Ccl2 was significantly decreased by the loss of Itgb8 on fibroblasts ( Figure 6G ).
Figure 6
Ovalbumin-induced trafficking of DCs to the MLN as well as CCL2 and CCL20 expression require Itgb8 expression by fibroblasts. (A) BAL cell counts and (B) cell differential of lymphocytes (Lymphs), PMNs, macrophages (Macs), and eosinophils (Eos) from BAL of mice after chronic ovalbumin challenge (n = 6). (C and D) Multicolor cell surface staining for lung DCs (C) or DCs from MLN (D) from mice after ovalbumin sensitization and challenge without or with fibroblast-specific deletion of Itgb8 (n = 6). Gating strategies were identical to those in Figure 2 , F and G. (E and F) Ovalbumin conjugated to FITC was introduced intranasally 36 hours prior to lung (E) and MLN (F) harvest, and OVA-FITC-labeled cells were identified using gating strategies identical to those shown in Figure 3 , C and D (n = 8). (G) qPCR analysis of cytokines present in lung after chronic ovalbumin challenge without or with fibroblast-specific deletion of Itgb8 (n = 6). Shown are copy number increases relative to control mice. (H and I) Ovalbumin induction of CCL2 (H) and CCL20 (I) as measured by ELISA on whole lung homogenates or BAL from ColCreER(T);Itgb8 fl/-mice after chronic ovalbumin challenge without or with tamoxifen (n = 6). *P < 0.05, **P < 0.01, ***P < 0.001.
There was a significant increase in CCL2 in the lung (P = 0.03) and BAL (P = 0.03), and CCL20 protein levels in BAL (P = 0.02) in chronic ovalbumin-challenged compared with control mice, and these increases were significantly decreased in Itgb8 fko mice (Figure 6, H and I) . These findings extend the data in the Ad-IL-1β model to allergen-induced inflammation and support a more general role for fibroblast αvβ8-mediated activation of TGF-β in the regulation of CCL2- and/or CCL20-dependent DC migration in airway remodeling.
IL-1β enhances αvβ8-dependent TGF-β activation, collagen expression, and proinflammatory gene expression in COPD compared with normal lung fibroblasts. To test the relevance of our mouse model findings in humans, we extended our studies to human normal and COPD fibroblasts. Normal and COPD fibroblasts were treated with IL-1β to induce expression of ITGB8. IL-1β increased ITGB8 mRNA expression in both normal lung fibroblasts and in COPD lung fibroblasts, but the induction of ITGB8 mRNA was significantly greater in COPD fibroblasts ( Figure 7A ). We next determined whether the increased expression of ITGB8 by COPD relative to normal fibroblasts correlated with an induction of a profibrogenic phenotype, as measured by collagen production. Indeed, IL-1β caused a significant increase in collagen protein expression by both normal and COPD fibroblasts. This, increase was sustained, lasting at least 1 week after IL-1β treatment. One week after IL-1β treatment, collagen production was significantly increased by COPD compared with normal lung fibroblasts and was dependent on αvβ8-mediated TGF-β activation ( Figure 7B ). The IL-1β-mediated enhanced profibrogenic phenotype correlated with a significant increase in total TGF-β activation by COPD compared with normal fibroblasts, which was inhibited by neutralizing anti-β8 or anti-TGF-β ( Figure 7C ). To determine whether the profibrogenic phenotype was associated with increased cytokine and chemokine production we performed cytokine array analysis of pooled (n = 5) supernatants from IL-1β-treated normal and COPD fibroblasts. Three candidate chemokines, CCL2, CCL7, and CCL20, were highly expressed in COPD compared with normal fibroblasts, and were blocked substantially by anti-β8 ( Figure 7D and Supplemental Figure 9 ). ELISA from supernatants of IL-1β-treated fibroblasts demonstrated an insignificant IL-1β-mediated increase in CCL2 expression by normal fibroblasts, which was not significantly enhanced in COPD compared with normal lung fibroblasts and not significantly blocked by treatment with either anti-β8 or anti-TGF-β ( Figure 7E ). In contrast, IL-1β markedly induced CCL20 in normal fibroblasts, and this induction was dramatically increased in COPD fibroblasts and inhibited by either anti-β8 or anti-TGF-β ( Figure 7F ). These data using human COPD fibroblasts cor- roborate findings in Ad-IL-1β-treated mice demonstrating that IL-1β induces an αvβ8-mediated TGF-β-dependent profibrogenic phenotype, which coincides with increased αvβ8-mediated TGF-β-dependent CCL20 expression.
IL-1β enhances fibroblast-mediated αvβ8-dependent DC migration, which is exaggerated in human COPD fibroblasts. To address the mechanism underlying altered DC trafficking mediated by lung fibroblasts, we developed an in vitro model of DC migration, which we could then extend to human studies. BMDCs demonstrated increased migration to conditioned media of Itgb8 fl/fl mouse lung fibroblasts that had been treated with IL-1β. This increase was Itgb8 and TGF-β-dependent, since DC migration was significantly decreased using conditioned media from Ad-Cre- or anti-TGF-β-treated fibroblasts ( Figure 7G ). BMDCs from mice deficient for Ccr2 (the receptor for CCL2) or Ccr6 (the receptor for CCL20) migrated poorly to IL-1β-treated fibroblast conditioned media ( Figure 7H ). Neutralizing anti-CCL2, anti-CCL20, or both antibodies combined significantly inhibited IL-1β-dependent DC migration to fibroblast conditioned media ( Figure 7I ). Taken together, these results demonstrate that the lung fibroblast αvβ8-dependent secretion of CCL2 or CCL20 in response to IL-1β is sufficient to mediate DC migration.
To determine the relevance of fibroblast-directed DC migration in humans, we next tested the ability of human DCs to migrate to conditioned media from IL-1β-treated COPD compared with normal fibroblasts. DC cell migration to conditioned media from IL-1β-treated COPD fibroblasts was significantly greater ( Figure 7J ). The migration of human DCs to untreated and IL-1β-treated normal and COPD fibroblast conditioned media could be inhibited equivalently by pretreatment of fibroblasts with either anti-β8 or anti-TGF-β ( Figure 7J ). Taken together, these data demonstrate that IL-1β induces an αvβ8-mediated TGF-β-dependent profibrogenic phenotype in human fibroblasts, with an associated increase in CCL20 expression. Furthermore, IL-1β-induced ITGB8 expression and subsequent αvβ8-mediated TGF-β activation-dependent collagen production, chemokine secretion, and DC migration were enhanced in COPD compared with normal fibroblasts.
DC accumulation in human small airways increases by stage of COPD and correlates with integrin β8 subunit staining. DCs were identified by morphology and CD11c immunostaining in the small airways of a cohort of COPD patients. Only rare DCs were identified within the epithelium and lamina propria of small airways from normal patients, while numerous DCs were identified in COPD small airways ( Figure 8, A and B) . DC immunostaining in the lamina propria was significantly enhanced with increasing severity of COPD ( Figure 8C ). CD11c + DC cells were distinctive in their appearance within the lamina propria, as they possessed multiple extended cell processes emanating from the cell body. In contrast, immunostaining for integrin β8 was concentrated in spindle cells with elliptical narrow curved nuclei and a single extended cell process (40) . Immunostaining for β8 and CD11c correlated significantly ( Figure 8D ).
Discussion
Our data from physiologically relevant models collectively provide functional and mechanistic in vivo evidence for a central role of the fibroblast in regulating pathologic innate and adaptive immunity. Specifically, conditional deletion of the TGF-β-activating integrin αvβ8 selectively in adult fibroblasts reduced IL-1β-induced and allergen-induced airway remodeling and secretion of CCL2 and CCL20. This cascade of events was associated with decreased DC numbers in the draining lymph node and subsequently muted adaptive immunity. We extended these studies to human disease by demonstrating that enhancement of αvβ8-mediated TGF-β activation, CCL20 expression, and DC migration is a feature of COPD fibroblasts. To further support our hypothesis that enhanced integrin β8-dependent DC trafficking in human airways may facilitate the abnormal persistent innate and adaptive immune response that characterizes human COPD, we found that increased DC accumulation in COPD airways correlates with both the stage of COPD and β8 expression.
The most likely explanation for reduction in the number of migratory DCs in the lung and lymph node that we observe with fibroblast Itgb8 deletion is altered chemokine secretion from fibroblasts. We determined that CCL2 and CCL20 are secreted at high levels by IL-1β-stimulated lung fibroblasts - 1,000 and 30 times, respectively, the levels reported to be released by cultured human airway epithelial cells stimulated with the same dose of IL-1β, on a per-cell basis, suggesting a dominant role for fibroblasts as a source of these chemokines (58, 59) . Our data demonstrating αvβ8-dependent CCL2 and CCL20 expression levels in lung homogenates and BAL suggest that the respective roles for CCL2 and CCL20 may differ in different disease models, with CCL2 and CCL20 playing larger roles in allergic asthma and COPD, respectively. Fibroblasts have been hypothesized to modulate immune responses (60) , but clear in vivo demonstration of this function, and the mechanisms underlying this modulation, are lacking. Previous studies have shown that fibroblastic reticular cells, which are fibroblast-like cells of lymphoid organs, secrete chemokines and thus are thought to act as "organizers" of lymphoid tissues (61) . Cytokines are released by fibroblasts in patterns that distinguish fibroblasts from different anatomic sites and disease states (33, 34, 60) . These studies validate and extend recent in vitro studies suggesting that cultured skin fibroblasts stimulated with TNF/IL-1 can promote DC migration or increase the maturation of LPS-stimulated DCs by a complex feedback mechanism involving IL-1β secreted from DCs (62, 63) . Our data now demonstrate that in physiologic models, fibroblast Itgb8 is required for lung DC migration. We could not detect a role for Itgb8 on fibroblasts in lung DC maturation.
The integrins αvβ6 and αvβ8 account for the majority of TGF-β activation in murine genetic models (49) . However, fibroblast deletion of Itgb8 appeared to account for the majority of protection against airway remodeling in chronic asthma and Ad-IL-1β models. In addition, Ad-IL-1β did not increase the expression of Itgb6, and a neutralizing anti-αvβ6 antibody had no effect on Ad-IL-1β-mediated airway remodeling. These findings support genetic studies suggesting that Itgb6 is not an asthma or a COPD target, as mice deficient in Itgb6 develop airway hyperresponsiveness and emphysema (64, 65) . The striking role for Itgb8 in promoting airway remodeling and lack of a role for Itgb6 may be due to differences in cell type distribution or differences in mechanisms of TGF-β activation. Integrin αvβ8 is expressed in the lung by epithelial cells and fibroblasts, while αvβ6 is expressed exclusively by epithelial cells (66) . Integrin αvβ8 binds to latent TGF-β, and following the recruitment of a transmembrane metalloprotease, MMP14, active TGF-β is proteolytically released as a paracrine factor (48) . In contrast, the integrin αvβ6 binds to latent TGF-β only on epithelial cells and alters the conformation of the LAP, and can only present active TGF-β to adjacent cells (67) . Therefore, it appears that localized epithelial activation of TGF-β is insufficient, while fibroblast activation and paracrine secretion of TGF-β are required for airway remodeling.
IT-Ad-IL-1β increased active TGF-β in the BAL fluid, which was blocked by 61% with simultaneous injection of Ad-Cre. This incomplete blockade was seen despite efficient reduction of Itgb8 mRNA by Ad-Cre. Because suitable reagents are not available to assess mouse αvβ8 protein, we cannot exclude that residual αvβ8 protein remains after Ad-Cre-mediated deletion. Alternatively, other mechanisms may contribute to TGF-β activation within the alveolar lining fluid. For instance, previous literature suggests that additional integrins (i.e., αvβ3 and αvβ5) mediate activation of TGF-β in cultured fibroblasts under specific circumstances (68) (69) (70) (71) (72) . However, αvβ3 and αvβ5 bind poorly to latent TGF-β relative to αvβ8 and αvβ6 (48, 73) , and mice with deficiency of αvβ3, αvβ5, or αvβ3 and αvβ5 combined develop normally and have no evidence of TGF-β insufficiency (74) . Finally, in our models, αvβ8 appears to account for the majority if not all of TGF-β effects, since Itgb8 fko mice have a protective effect equal to if not a greater than a pan-TGF-β blocking antibody from IL-1β-mediated inflammation and fibrosis. Therefore, neither αvβ3, αvβ5, nor αvβ6 compensate for loss of αvβ8 in airway remodeling, in vivo.
Fibroblasts can be derived by epithelial-mesenchymal transition, from circulating fibrocytes, or from resident fibroblasts (75). We have not formally addressed the source of the fibroblasts in airway remodeling in this study. However, resident fibroblasts are likely a major source of fibroblasts in airway remodeling, because we saw no obvious epithelial or hematopoietic cell recombination in Col-Cre-ER(T) mice. Furthermore, primary cultures of lung fibroblasts, which are derived from resident fibroblasts, possess all the functional characteristics to explain the airway remodeling findings in vivo; they increase expression of αvβ8 in response to IL-1β, support αvβ8-mediated TGF-β activation, and secrete CCL2, CCL20, and collagen in an αvβ8-dependent manner.
Airway fibroblasts interact not only with immune cells, but also with adjacent airway epithelial cells to maintain homeostasis. Airway epithelial cells have recently been implicated in modulating adaptive immune responses through TLR4-dependent pathways. This recent study has shown that TLR4 expressed by airway epithelial cells is required for LPS- or allergen-induced
Figure 9
Model for fibroblast αvβ8-directed DC migration in airway remodeling. pathology, including increases in lung DC numbers, maturation, migration to MLN, and CCL2 and CCL20 expression (76) . The intriguing similarity of these findings to the findings that we present here support the hypothesis that excessive pattern recognition receptor engagement plays a significant role in airway remodeling in COPD and chronic asthma by caspase-1-mediated increased bioactive IL-1β secretion by airway epithelial cells or macrophages; this leads to the induction of αvβ8 expression and subsequent TGF-β activation by adjacent fibroblasts, which affects fibroblast chemokine secretion, DC migration, and adaptive immunity (Figure 9 ). However, we cannot exclude that other cytokines also influence αvβ8 expression, or that IL-1β influences αvβ8 activity (i.e., through affecting integrin activation state, or localization or activity of MMP14).
IT delivery of active IL-1β by the adenoviral method bypasses the requirement for IL-1β activation by the inflammasome. We have exploited the Ad-IL-1β model to mechanistically dissect the pathway that is downstream of IL-1β activation and common to the pathogenic environmental stimuli that lead to airway remodeling in COPD and chronic asthma (12) . The Ad-IL-1β model has many physiologically relevant features, since it recapitulates most of the morphologic and immunologic characteristics of airway remodeling in COPD in humans. Specifically, there are increases in airway wall fibrosis and airway wall inflammation; and a COPD-like innate and adaptive immune response, with increased neutrophils, mDCs, and Th17 and Th1 cells and increased production of IL-17, CCL2 and CCL20 (20) .
The use of this system has provided insights into the proinflammatory role of Itgb8 and TGF-β in the lung and in COPD. TGF-β has recently been implicated as a driver of pathologic immunity through its critical role in the development of Th17 cells. This important subset of CD4 + T cells produces IL-17(A,F), a cytokine that has been implicated in the pathogenesis of asthma, COPD, psoriasis, arthritis, diabetes, multiple sclerosis, and inflammatory bowel disease (77) (78) (79) (80) (81) (82) . Two recent studies demonstrate that the loss of αvβ8 on DCs, which are crucial APCs, protects against experimental autoimmune encephalitis through inhibition of Th17 cell differentiation (51, 83) . In the fibroblast conditional deletion model, there is no evidence of Cre-mediated deletion of Itgb8 by purified lung DCs; instead, loss of Itgb8 on fibroblasts indirectly impairs DC function through decreased trafficking to lymph nodes. Thus, Itgb8 participates in proinflammatory responses through two distinct mechanisms in different conditional deletion models, one that indirectly and one that directly influences the functional capacity of DCs to prime a pathologic immune response. Our data suggest that inhibition of integrin αvβ8-mediated TGF-β activation by lung fibroblasts represents a novel therapeutic target for airway remodeling in both COPD and asthma.
Methods
Animals. The UCSF Committee for Animal Research reviewed and approved this study. All animals were housed in air-filtered, temperature-controlled units (20 ± 2°C) with food and water ad libitum. Male 7-week-old CD-1 mice (Charles River) were used for initial adenoviral experiments, and all other experiments were performed using C57BL/6 mice (with the few exceptions noted below) bred in the UCSF animal facility. Mice expressing a chimeric gene encoding the Cre-ER(T) fusion protein, which allows for tamoxifen-dependent recombination under the control of a fibroblast-specific regulatory sequence from the pro-alpha (84) (85) (86) . Progeny were intercrossed to create the following lines, which were used for experiments or intercrossed: Col-Cre-ER(T);Itgb8 fl/-,Col-Cre-ER(T);Itgb8 fl/fl , Itgb8 fl/fl , and Itgb8 fl/-(Itgb8 -/-mice show embryonic or perinatal lethality on the C57BL/6 background) (86) . Similar intercrosses were generated using keratin 14-Cre-ER(T) mice ([KRT14-creERT]20Efu/J, The Jackson Laboratory, CD-1 background), which show ligand-dependent recombination in proximal airway basal cells (53) . Ccr2 -/-mice were a gift of Israel Charo (UCSF); Ccr6 -/-(B6.129P2-Ccr6 tm1Dgen/J ) mice and Rosa-LacZ reporter mice (B6.129S4-Gt[ROSA] 26Sortm1Sor/J ) were obtained from The Jackson Laboratory. BMDCs were cultured from adult mouse femurs, using a GM-CSF stimulation protocol, by the method of Inaba et al. (87) . Detailed BMDC methodology along with cell tracing studies, intratracheal injections, tamoxifen-mediated recombination, staining for β-galactosidase, the chronic ovalbumin model organ, harvesting, BAL, airway morphometry, immunohistochemistry, genotyping, primer sequences, cell lines, reagents, flow cytometry, and migration assays are described in Supplemental Methods and Supplemental Table 2 . Informed consent was obtained from tissue donors as part of an approved ongoing research protocol by the UCSF Committee on Human Research.
Statistics. All data are reported as mean ± SEM. Comparisons between 2 different groups were determined using 2-tailed Student's t test. Oneway ANOVA was used for multiple comparisons, and the appropriate post hoc tests were used to test for statistical significance. Pearson's correlation test was used to compare immunohistochemical staining scores. P values less than 0.05 were considered significant. All statistical analyses were performed using the software package Prism 4.0b (GraphPad Software).
